Abstract The impact of numerical modeling of moisture transport on the simulation of the seasonal mean pattern of precipitation in the tropics is studied. The NCAR CCM2 with spectral and semi-Lagrangian moisture transport has been used for this purpose. The dierences in the numerical modeling of moisture transport are found to have a signi®cant impact on the simulation of the seasonal mean patterns. The major dierences while using the spectral method (vis-a-vis the semi-Lagrangian method) are (1) a decrease in rainfall over the Indian monsoon region, (2) a decrease in rainfall over the west Paci®c region and (3) an increase in rainfall over the central and east Paci®c regions. There are substantial dierences in the amount of precipitable water vapor simulated by the two moisture transport techniques. It is shown that the dierence in precipitable water vapor between the two simulations is associated with changes in the vertical moist static stability (VMS) of the atmosphere, and dierences in the simulated precipitation patterns.
Introduction
Water vapor plays an important role in various atmospheric processes such as energy transfer between surface and the atmosphere through evaporation, and in modulating the radiative balance of the Earth-atmosphere system through greenhouse and cloud-albedo eects. Despite its major role in the climate system, water vapor is one of its most poorly modeled subcomponents. Schemes developed for modeling the dynamical motions of the atmosphere (e.g., winds and temperature) such as the spectral method have been adapted for modeling water vapor. However major differences exist between the distribution of temperature and water vapor. While the winds and temperature vary smoothly over the entire atmosphere, most of the water vapor is contained in the lowest 2±3 km of the atmosphere. Also water vapor varies by several orders of magnitude between the equator and the poles. Hence it is not surprising that the adoption of dynamical modeling techniques such as the spectral method causes the simulation of water vapor to be poor.
The shortcomings of spectral methods for moisture transport have been well documented (Laprise 1988) . The major problems associated with spectral transport of water are undershooting and overshooting. Undershooting causes negative values of moisture. Overshooting leads to spurious rainfall (especially in regions of near saturation). Procedures required to remove negative moisture are more than cosmetic in nature and could have signi®cant impact on the simulation of the water vapor itself (Williamson and Rasch 1994) . To avoid the shortcomings of the spectral method, alternatives such as the semi-Lagrangian transport (SLT) method has been tried. The semi-Lagrangian method does not conserve a priori, but upon using the ®xing method as given in Williamson and Rasch (1994) , the conservation is satisfactory. Issues regarding conservation in spectral and semi-Lagrangian methods are extensively discussed in Williamson and Rasch (1994) . Williamson and Rasch (1994) and Rasch and Williamson (1991) have studied the sensitivity of climate simulations to the modeling of moisture transport using the spectral (SPT) and SLT techniques. They have studied its impact on the global and zonal averages and have concluded that modeling of moisture transport can have a signi®cant impact on the simulated global and zonal means of various atmospheric parameters (such as precipitation, precipitable water, winds etc). They also show that SLT improves the model's moisture simulations in terms of the global means (such as the mean precipitation, the mean precipitable water, etc). They, however, have not addressed the particular question of the impact of moisture transport on the circulations in the tropics. This is of particular importance as moisture plays a governing role (through deep convection) in modulating both the major circulation patterns in the tropics in particular the Hadley circulation and the Walker circulation. A very recent work of Codron and Sadourny (submitted 1999 ) with the LMD model has also highlighted the importance of moisture advection in modeling the Indian summer monsoon.
Hence it is considered necessary to study the impact of moisture transport on the simulation of precipitation in the tropics with particular emphasis on the Asia-Paci®c region both during the northern summer (June, July and August, JJA) and the northern winter (December, January, and February, DJF) seasons.
The model
We have used the CCM2 at T-42 resolution with 18 levels in the vertical. This gives a resolution of approximately 2.8°in the tropics. This model uses the mass¯ux parametrization of Hack et al. (1993) for cumulus convection. The model used has an interactive buckethydrology to model the surface hydrological processes (®eld capacity of 15 cm). A detailed description of the model is given Hack et al. (1993) . The initial condition is for 1 September, 1987, an analysis dataset obtainable from NCAR's public domain site. Both the runs use climatological SSTs of Shea et al. (1990) .
Simulations
We present results from simulations with the semi-Lagrangian moisture transport (SLT) and the spectral moisture transport (SPT) methods in CCM2. The statistical signi®cance of dierences in the tropical/areal means of precipitation is obtained by comparing the 20-year simulation with the SLT method with the ®ve-year spectral simulation. Other comparisons are based on ®ve year averages of the SLT and the SPT simulations. The ®rst ten months of integration are not used in the analysis (to remove spin up eects). Williamson and Rasch (1994) suggest that since the water vapor in the troposphere is replaced on a (approximately) 30-day time scale, a period of about ®ve months is sucient for the major eects of modifying moisture transport to be seen. We also ®nd that the large-scale features from the ®rst year of integration are very similar to the other years. We consider rejecting the ®rst 10 months of simulations as sucient to remove spin up eects. It is noteworthy that many other modeling studies have even shorter spin-up periods e.g., Molod et al. (1996) and Chen and Bates (1996) suggest that rejecting ®rst two months of the simulation is sucient to remove the initial transients.
We present results for the northern summer (July) and northern winter (January) for the tropical/areal means and June, July and August (JJA) and December, January and February (DJF) patterns for other discussions.
3 The simulated mean tropical rainfall Table 1 shows the mean precipitation during July and January for tropics (30°S±30°N, 0°±360°) . The ®ve year model simulated mean tropical precipitation is compared with the observed climatologies of Xie and Arkin (1996) and also with that of Legates and Willmott (1990) .
We notice that the two climatologies dier from each other, probably due to the diering algorithms used in developing these datasets. Legates and Willmott (1990) use station (gage) data over land and ship reports for estimation of oceanic rainfall. Xie and Arkin (1996) use station data and satellite data and merge them together to form a single dataset. Recent work of Arpe et al. (1998) has also found dierences amongst observational datasets.
Analyzing the twenty year simulated precipitation with the SLT method we note that the mean for the tropics in July is 4.35 mm day )1 with a standard deviation (r) of 0.06 mm day . Interestingly, the dierence between the Xie and Arkin (1996) dataset and that of Legates and Willmott (1990) is comparable to the dierence in the tropical mean precipitation by the two simulations (Table 1) . However upon using randomization tests (Sokal and Rohlf 1981) for the statistical signi®cance of the dierences between the two simulations, we ®nd that they are dierent at the 1% (99% con®dence) level.
Precipitation patterns during northern summer and winter
The precipitation patterns for DJF and JJA for the tropical region are shown in Figs. 1 and 2 respectively. Both the simulations reproduce the large-scale features of precipitation correctly (at least qualitatively) with the Indonesian-west Paci®c region having signi®cantly higher rainfall than the eastern Paci®c. The SPT simulation shows a pattern with more smaller scale structures and in contrast, the SLT simulation has a smoother spatial structure. Examining the DJF precipitation ( Fig. 1) we note that the SPT simulates higher rainfall (vis-a-vis the SLT) over the eastern and central Paci®c regions, and lower rainfall over the Indonesian-west Paci®c region. Chen and Bates (1996) have compared the fully semiLagrangian GSFC model with its Eulerian (®nite difference) version. One of the salient dierences between the simulations by these two versions of the GSFC model is the lower precipitation over the eastern Paci®c and overestimation of rainfall over the western Paci®c by the semi-Lagrangian version. They speculate the cause of this to be diering responses by the model's dynamics to the cumulus convection scheme. It is noteworthy that the dierences in precipitation patterns between Eulerian and semi-Lagrangian GCMs in the study of Chen and Bates (1996) are similar to those found here between the simulations by the same model (CCM2) using the SPT (an Eulerian formulation) and the SLT techniques for moisture transport.
The Indian summer monsoon
The study of Gadgil and Sajani (1998) with the AMIP simulations of the Indian monsoon has shown that modeling of the Indian summer monsoon is still a challenging problem and no model satisfactorily resolves all the observed features. Also most of the water vapor involved in the monsoon precipitation over the South Asian landmass is advected from the surrounding oceanic regions (Hastenrath and Lamb 1980) . Hence it is necessary to study the impact of modeling of moisture advection on the Indian summer monsoon. Examining in greater detail the SLT and the SPT simulated precipitation patterns over the Indian region we notice that the spectral simulation shows reduced precipitation over the Indian landmass. The dierences between SPT and SLT precipitation simulations over the Indian region are:
1. Reduced rainfall over the peninsular region and the Bay of Bengal 2. Increased rainfall over the equatorial Indian region south of the Indian peninsula
The SLT simulation considerably overestimates the precipitation over the Himalayan/Tibetan region. Over this region (80°E±100°, 25°N±35°) the observed precipitation during July is about 7.8 mm day
, while the SLT simulates this rainfall as 17 mm day )1 and in the spectral simulation this value is closer (but still larger than the climatological mean) at 10.8 mm day . The SLT simulation shows a mean rainfall of 7.9 mm day )1 over the Indian region with a standard deviation of about 1.6 mm day )1
. The spectral transport simulates this rainfall as about 3.0 mm day )1 which lies about 3r beyond the SLT mean. ) simulated by a SLT b and SPT and c the observed climatology (from Xie and Arkin, 1996) during December, January and February
In making a comparison with the AMIP study for the Indian summer monsoon (Gadgil and Sajani 1998) we note that the SPT scheme's simulation (Fig. 2) is qualitatively similar to that of SUNYA and ECHAM3 (Arpe et al. 1998) , while the SLT simulation is similar to the NCAR-CCM2 AMIP simulation (even though the latter was forced with observed SSTs; interestingly Molod et al. 1996 , also ®nd that the seasonal mean climatological patterns are largely unaected by the variation of surface boundary conditions in their simulation study with the GOES-1 GCM). The SUNYA and CCM2 models are derived from the same common source and one of the major signi®cant dierences between them being the use of SPT by SUNYA and the use of SLT by CCM2 for moisture transport.
The simulated mean tropical precipitable water
Precipitable water is the column integrated value of moisture and the dierence in the simulation of this quantity could be related to the modeling of moisture transport. We compare the mean for the 5 years of simulation with the climatological mean values from NCEP-NCAR reanalysis and NVAP dataset (Randel et al. 1996) for precipitable water (Table 2) . We note that the total precipitable water averaged over the tropics is higher in the SLT simulation in comparison to the SPT simulation. However, it is noteworthy that between observed datasets themselves there are considerable dierences. The July climatological mean for the tropics from the NCEP-NCAR reanalysis is 34.06 kg m )2 which is less than the estimate from NVAP (36 kg m )2
). The averages for January also show a similar behavior. Mo and Higgins (1996) have also pointed out similar dierences in ) simulated by a SLT b and SPT and c the observed climatology during June, July and August (from Xie and Arkin, 1996) Gaen et al. (1997) of precipitable water simulations in the AMIP results has also shown that there exists considerable variation in the simulation of precipitable water between models. They note that within the AMIP simulations there exists no relationship between the simulation of precipitable water and precipitation. In our simulations we ®nd that SLT simulates both higher precipitation and precipitable water in the tropics. Bates and Jackson (1997) have noted that lower values of precipitable water are found in the east Paci®c vis-a-vis the western Paci®c in most AMIP simulations. Tables 3 and 4 show the values for July and January for the two simulations and observations (NCEP/NCAR reanalysis). For our analysis we consider the eastern part of the ocean to be 120°E±150°E, 10°S±10°N, while the western part comprises the area bounded by 120°W± 90°W, 10°S±10°N. We note that the precipitable water in the SPT run is underestimated (in comparison to the NCEP/NCAR reanalysis) while the precipitable water in SLT simulation is closer to the observed values.
The SLT simulation (Tables 3 and 4 ) has higher precipitable water in the west Paci®c vis-a-vis the east Paci®c while the SPT values for the east and the west Paci®c are comparable. Later we shall show that this is related to diering response of the two schemes to SSTs especially at higher temperatures. Figure 3 shows the variation of precipitable water (over the west Paci®c region) and SST for the two simulations and for NCEP/NCAR reanalysis. We ®nd that the SLT simulation of precipitable water during January (Fig. 3a) is larger than the SPT simulation. At lower temperatures it underestimates the precipitable water vis-a-vis the NCEP reanalysis and at higher SSTs the same is overestimated. In contrast, the SPT simulation consistently underestimates the precipitable water. During July (Fig. 3c) , while at low SSTs SLT overestimates the precipitable water, it is in better agreement with NCEP reanalysis at higher temperatures (except at 302.5 K where it overestimates this quantity). The SPT simulation however underestimates precipitable water at all temperatures. Bates and Jackson (1997) suggest that the varying precipitable water from the dierent AMIP models at the same SST indicates the in¯uence of atmospheric dynamics on precipitable water. Comparing the wind patterns at 200 hPa during DJF (Fig. 5) , we ®nd that there are signi®cant dierences in the circulation patterns in the two simulations especially over the Indian, central Paci®c and east Paci®c regions. This strongly indicates that the modeling of moisture transport has a signi®cant impact on the atmospheric dynamics (caused by latent heat release due to precipitation) and the amount of precipitable water (through convergence and divergence of moisture).
Relationship between SST and precipitable water
To further understand the role of dynamics we study the mean variation of speci®c humidity in the vertical as a function of SST. This vertical variation is strongly in¯uenced by dynamics e.g., a region of descent will have a lower scale height of water vapor and hence lower precipitable water while ascent will cause the water vapor to be mixed more uniformly and thus increase the scale of height of water vapor (leading to higher precipitable water). In the tropics, Stephens (1990) suggests that speci®c humidity, q l , at any level, p l can be represented as:
where q 0 is the near surface speci®c humidity and p 0 is the pressure at the surface. Therefore the precipitable water w p can be written as w p p 0 0 q l dp 2
Combining Eqs. (1) and (2) we can write the precipitable water as
The variation of k (scale height index) as a function of SST for January and July are shown in Fig. 3b, d . From Eqs. (1) and (3) we can infer that for the same near-surface speci®c humidity q 0 , a higher value of k implies a rapid reduction in speci®c humidity in the vertical and thus a lower value of precipitable water (Fig. 3a, c) . We notice from Fig. 3b, d that the spectral simulation shows a larger value of k vis-a-vis SLT simulations in the west Paci®c region. Signi®cantly the index k is higher for the reanalysis data than the SLT simulation both in January and July. Qualitatively, both SPT and SLT simulations show a similar trend as the reanalysis data i.e., with increasing SST the scale height index reduces. However we should use k values with caution as this is a derived quantity of two variables (in reanalysis) which have been strongly in¯uenced by the model used i.e., precipitable water and speci®c humidity. Over most of the oceans, observations for near surface speci®c humidity are generally sparse and therefore these values might more strongly in¯uenced by the values generated by the model. In the east Paci®c, the response of both SLT and SPT models is very similar to that of the reanalysis for k and w p , though both underestimate k in comparison to the NCEP reanalysis (Fig. 4) .
Comparing the vertical pro®les of speci®c humidity for January and July in the east and the west Paci®c and the Indian Ocean (Fig. 6) we note that the pro®les in the east Paci®c are very similar for the SLT and SPT simulations in both months. However, the pro®les are very dierent in the west Paci®c with SLT having a higher water vapor content in the lower troposphere than the SPT simulation. Also we notice that this is most prominent in the lower levels of troposphere in January. This is related to k (scale-height index) variation in the two simulations. k in the SPT simulation is higher (implying a smaller scale height) and this causes precipitable water to be smaller in the west Paci®c. In the east Paci®c where SSTs are lower, k for both simulations are very close and the vertical pro®les of speci®c humidity are also very similar. We notice a similar variation in the Indian Ocean region (80°E±90°E, 5°N±10°N). During winter when temperatures are lower, the pro®les for this region are more similar than during the summer season. We ®nd that in the lowest layers of the atmosphere both SLT and SPT simulations underestimate the speci®c humidity vis-a-vis the NCEP/NCAR reanalysis. Thus the combination of lower k and lower near surface speci®c humidity causes the response of SLT model to SST for the simulation of precipitable water to be more realistic. The lower speci®c humidity in the lower levels could be related to the surface layer processes in the model and the interaction of surface processes with moisture advection needs to be studied separately.
Seasonal mean patterns of precipitable water
Comparing the precipitable water pattern during JJA and DJF seasons (Figs. 7 and 8 ) and the dierence of The model pro®les are plotted for the g vertical co-ordinates while reanalysis is plotted for mandatory pressure levels precipitable water between the two simulations we note that regions of higher precipitation in the SLT (Fig. 1 ) simulation compare well with regions of higher precipitable water. Over the west Paci®c region the precipitable water in the SLT simulation is much larger than in the SPT simulation and also in comparison to the NCEP reanalysis. Over the Indian region too, the SLT simulation shows larger precipitable water during the northern summer season. SLT's simulation over the Indian region during JJA compares well with NCEP/ NCAR reanalysis while SPT underestimates the precipitable water in this region. As shown earlier, the speci®c humidity in the near-surface levels is much lower in both the models vis-a-vis reanalysis. However, the larger precipitable water in the SLT simulation could be related to greater speci®c humidity between 900±700 hPa levels in the west Paci®c and Indian regions (Fig. 6 ).
Temporal variation of precipitable water
In Fig. 9 we show the temporal variation of precipitable water in the east and west Paci®c in the two simulations.
We note that in the SLT simulation the west Paci®c precipitable water is always larger than in the east Paci®c. However in the SPT simulation, the precipitable water is sometimes larger in the east Paci®c also. We also note that the precipitable water in the west Paci®c diers more in the two runs than the precipitable water in the east Paci®c. This is related to the variation of scale height index k (Fig. 3) which shows that the dierences in k and thus precipitable water is more prominent at higher SSTs. When studying the temporal variation of 500 hPa vertical velocity (Fig. 10) we ®nd that the ascent over west Paci®c in the SLT simulation is much stronger than in the SPT simulation, causing k to be lower and precipitable water to be higher. We also ®nd that ascent over the east Paci®c is stronger in the SPT simulation than in the SLT simulation.
Impact of water vapor on vertical instability
Neelin and Held (1987) developed a simple model to understand the relationship between stability and organized ) for the a SLT simulation, b SPT simulation and c the observed climatology (NCEP/ NCAR reanalysis) during DJF convection. Using this model Zhang (1994) has shown that dierences in tropical precipitation between two simulations from a GCM can be related to the dierences in vertical moist static stability (VMS). Using similar arguments, Nanjundiah and Srinivasan (1999) have studied the variation of precipitation in the Paci®c basin.
Following Zhang (1994) we can write the relationship between VMS and precipitation P in the following way:
Here m S LQ, the vertical moist stability (VMS) is given by the dierence in moist static enthalpy between the upper and the lower layers of the atmosphere, S is the vertical dry static stability of the atmosphere (VDS), Q the dierence between the amount of moisture in the upper and lower levels and L is latent heat of evaporation. Dm is the dierence between VMS and DP , the precipitation dierence between the two simulations. From Eq. (4) and also from Fig. 12 we ®nd that regions with Dm`0 between SLT and SPT correspond closely to regions of higher precipitation in the SLT simulation (and vice-versa) .
We can split the contribution to VMS into two parts
Dm DS LDQ 5
From Fig. 12 we ®nd that DS (the dierence in VDS) has little variation and does not contribute to the instability of the atmosphere in regions of high convection especially the Indian monsoon and west Paci®c regions. However, LDQ (Fig. 12) and VMS (Fig. 11 ) have similar patterns of variation. We notice that the vertical moist static stability of the spectral simulation is lower than that of the SLT simulation over the east Paci®c, while SLT shows lower VMS in the western Paci®c. In the west Paci®c and over the Indian region, the VMS dierence is caused by dierences in precipitable water (and hence LDQ, as moisture is mostly in the lower troposphere). Thus while the larger instability of west Paci®c vis-a-vis the east Paci®c in the SLT simulation is associated with higher convective activity over the west Paci®c, the smaller dier- ) for the a SLT simulation b SPT simulation and c the observed climatology (NCEP/ NCAR reanalysis) during JJA ence in the VMS between the west and the east Paci®c in the SPT simulation (due to increased stability as a consequence of smaller amounts of precipitable water) is associated with increased convective activity in the east Paci®c.
VMS and the Indian monsoon
We now examine the vertical stability of the atmosphere and its relationship to precipitation dierences in the Indian region. The dierences of dry static stability VDS (S), VMS (m) and precipitation for JJA are shown in Fig. 13 . It can be seen that the dierences in precipitation closely correspond to dierences in VMS but have little or no correspondence to dierences in VDS. Regions where VMS in the SLT simulation is lower (i.e., the SLT's simulation is more moist statically unstable in comparison with the SPT simulation) closely correspond to the regions where rainfall in the SLT simulation is higher than in the SPT simulation.
Temporal variation of VMS
Comparing the time series of the VMS patterns in the east and the west Paci®c (Fig. 14) in the two runs we note that in general, the dierence VMS between the west and the east Paci®c is larger in the SLT simulation than in the SPT simulation. This implies that while in the SLT simulation the east Paci®c is much more stable than the west Paci®c, the vertical stability of the two regions is almost same in the SPT simulation. Also comparing the VMS patterns in the two regions for the two simulations we note that the dierence in VMS is larger in the west Paci®c with SPT being more stable in this region than the SLT simulation. In the east Paci®c, SPT is more unstable vis-a-vis the SLT simulation. In Fig. 15 we show the temporal variation of vertical dry static stability (VDS) in the east and west Paci®c regions. We notice that in both these regions the SPT simulation has lower VDS, which implies that the atmosphere in this simulation is more dry statically unstable. Figure 9 shows that the precipitable water quantity is signi®cantly larger over the west Paci®c in the SLT simulation, while this quantity is of comparable magnitude over the east Paci®c in both the simulations. The larger amount of precipitable water over the west Paci®c causes the VMS in the SLT simulation to be lower over this region (through the ÀLDQ term in Eq. 5) associated with larger instability and greater convection.
Conclusion
The impact of moisture transport techniques on the seasonal mean simulation of tropical precipitation has been studied. We ®nd that modifying the moisture transport from SLT to SPT has a signi®cant impact on the seasonal mean precipitation in the tropics. The major signi®cant dierences are: We also ®nd that over most of the tropics the spectral method underestimates the total precipitable water in the atmosphere. This is due to dierences in the vertical structure of water vapor in the SLT and SPT simulations. Using the Neelin and Held (1987) hypothesis we have shown that changes in precipitable water cause the vertical moist static stability (VMS) to be dierent. Over the west Paci®c, SLT simulation shows a much larger value of precipitable water. This causes the VMS to be lower in the SLT simulation making this region more conducive for convective activity and higher precipitation. However, over the east Paci®c, the precipitable water amount is similar in the two simulations. This indicates that the response of the two models is very dierent at the higher SSTs found in the west Paci®c while it is very similar over the relatively lower SSTs found in the east Paci®c. These dierences lead to higher precipitation over the east Paci®c and lower precipitation in the west Paci®c in the SPT simulation.
Similarly during JJA, we ®nd that the precipitable water amount over the Indian region is lower in the SPT simulation (vis-a-vis the SLT simulation). Thus the SLT simulation has a more convectively unstable atmosphere with a more vigorous monsoon over this region. Thus, on the larger scale of the tropics and on the regional 
